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How ground states of quantum matter transform between one another reveals
deep insights into the mechanisms stabilizing them. Correspondingly, quan-
tum phase transitions are explored in numerous materials classes, with heavy
fermion compounds being among the most prominent ones. Recent studies in
an anisotropic heavy fermion compound have shown that different types of tran-
sitions are induced by variations of chemical or external pressure1–3, raising the
question of the extent to which heavy fermion quantum criticality is universal.
To make progress, it is essential to broaden both the materials basis and the
microscopic parameter variety. Here, we identify a cubic heavy fermion mate-
rial as exhibiting a field-induced quantum phase transition, and show how the
material can be used to explore one extreme of the dimensionality axis. The
transition between two different ordered phases is accompanied by an abrupt
change of Fermi surface, reminiscent of what happens across the field-induced
antiferromagnetic to paramagnetic transition in the anisotropic YbRh2Si2. This
finding leads to a materials-based global phase diagram – a precondition for a
unified theoretical description.
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Quantum phase transitions arise in matter at zero temperature due to competing inter-
actions. When they are continuous, the associated quantum critical points (QCPs) give
rise to collective excitations which influence the physical properties over a wide range of
parameters. As such, they are being explored in a variety of electronic materials, ranging
from high Tc cuprates to insulating magnets and quantum Hall systems
4,5.
Heavy fermion compounds are prototype materials to study quantum phase transitions.
Their low energy scales allow to induce such transitions deliberately, by the variation of ex-
ternal parameters such as pressure or magnetic field. Microscopically, electrons in partially-
filled f shells behave as localized magnetic moments. They interact with conduction elec-
trons through a Kondo exchange interaction, which favors a non-magnetic ground state that
entangles the local moments and the spins of the conduction electrons. They also interact
among themselves through an RKKY exchange interaction, which typically induces antifer-
romagnetic order. The best characterized QCPs occur in heavy fermion compounds with
anisotropic structures. Examples include the monoclinic CeCu6−xAux (ref. 6), and tetragonal
CePd2Si2 (ref.
7), YbRh2Si2 (ref.
8) and CeMIn5 (M=Co,Rh)
9.
It has been known that tuning external parameters changes the ratio of the Kondo cou-
pling to the RKKY interaction. Recently, the importance of a second microscopic quantity
has been suggested. This is the degree of quantum fluctuations of the local moments, pa-
rameterized by G: magnetic order weakens with increasing G, as it would with enhancing
the Kondo coupling JK. These two quantities define a two-dimensional parameter space,
which allows the consideration of a global phase diagram10. This global phase diagram is
most clearly specified via the energy scale T ∗ associated with the breakdown of the Kondo
entanglement between the local moments and conduction electrons. So far T ∗ has only been
identified in tetragonal YbRh2Si2 (refs.
8,11,12). It is believed that this energy scale not only
provides a general characterization of the heavy fermion quantum criticality but also under-
lies the non-Fermi liquid behaviour and anomalous dynamical scaling12–14 observed in these
and related materials.
In order to explore the additional axis of the global phase diagram, we take advantage
of the fact that enhancing spatial dimensionality reduces the quantum fluctuation param-
eter G. Therefore, it would be invalubale to study the extreme three-dimensional cubic
heavy fermion compounds and compare their quantum critical behaviour with that of the
tetragonal and other non-cubic materials.
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Here, we do so in the cubic heavy fermion compound Ce3Pd20Si6. We show that this
material undergoes a quantum phase transition at a readily accessible magnetic field, and
are able to identify the Kondo breakdown energy scale T ∗. This scale vanishes inside the
ordered part of the compound’s phase diagram, thereby providing the first clear evidence for
a Kondo breakdown in the three-dimensional part of the global phase diagram. Furthermore,
we show that this vanishing scale is the origin of the non-Fermi liquid behaviour observed
previously in this compound (Supplementary Information).
In the cubic crystal structure of space group Fm3¯m, the Ce atoms occupy two different
crystallographic sites, 4a (Ce1) and 8c (Ce2), both with cubic point symmetry15 (Fig. 1a).
This structure persists down to at least 40 mK, as shown by high-resolution neutron diffrac-
tion measurements16. The magnetic susceptibility χ(T ) is Curie-Weiss like above 100 K
(Fig. 1b), with an effective moment close to the full moment (2.54 µB/Ce) of the J = 5/2
spin-orbit ground state. A clear anomaly can be seen in χ(T ) somewhat below TN (Fig. 1c).
The electrical resistivity ρ(T ) is typical of heavy fermion compounds. ∆ρ, the resistivity
with the phonon-scattering contribution subtracted, shows a − ln(T ) behaviour due to in-
coherent Kondo scattering at high temperatures. The maximum at about 20 K signals the
onset of Kondo screening (Fig. 1d). Also the Hall coefficient shows the typical heavy fermion
behaviour at high temperatures (Fig. 1e). Between room temperature and 50 K it is well
described by RH(T ) = R0+RA(T ), where R0 represents a temperature independent normal
Hall coefficient and RA(T ) an intrinsic skew-scattering term. At low temperatures, RA be-
comes small and the measured Hall coefficient is dominated by the normal Hall component
(Supplementary Information).
The specific heat C(T ) reveals that, in addition to the phase transition at TN that is also
seen in χ(T ), there is a second phase transition at TQ (Fig 1f, ref.
17). The upper transition
at TQ has been tentatively attributed to antiferro-quadrupolar order at the 8c site
18, and the
lower transition at TN to magnetic order
19 – presumably antiferromagnetic order in analogy
with Ce3Pd20Ge6 (ref.
20). These assignments are consistent with the Γ8 quartet and the Γ7
doublet of the crystalline electric field split ground states of the Ce 4f orbitals on the 8c and
4a sites, respectively16,21. The temperature–field phase diagram is shown in Fig. 1g. TQ is
initially enhanced by the applied field but is eventually reduced at larger fields. According
to measurements on single crystals, magnetic field is able to completely suppress TQ (ref.
19),
suggesting the presence of a QCP at fields above 10 T. Within the ordered region TQ(B) > 0,
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TN can be seen to decrease monotonically and vanish at about 0.9 T. This specifies a readily
accessible QCP, thereby providing a rare opportunity to study quantum phase transitions
in cubic heavy fermion materials.
It follows from general symmetry considerations that antiferro-quadrupolar ordering pre-
serves the cubic symmetry of the lattice, as described in Supplementary Information. In addi-
tion, such considerations as well as microscopic calculations show that antiferro-quadrupolar
order in the presence of magnetic field induces dipolar order, thereby influencing the antifer-
romagnetic correlations. The induced antiferromagnetic order, in turn, implies a magnetic-
field tuning of the antiferro-quadrupolar transition temperature (Fig. S5 of Supplementary
Information), which is compatible with the experimentally observed phase diagram (Fig. 1g).
Through the magnetic coupling between the 8c and 4a sites, the entire ordered region will
contain both magnetic and quadrupolar orders. Finally, in the absence of the competition
by the RKKY interactions, the ground state multiplets at both sites will be quenched by
their Kondo couplings with the conduction electrons.
Studying the isothermal control parameter dependence of transport properties is a well
established means11,12 to probe the quantum critical fluctuations near a QCP. Fig. 2a-c shows
selected isotherms of the Hall resistivity ρH as a function of the applied magnetic field B.
At the lowest temperatures ρH(B) shows two kinks (Fig. 2a). One of these persists as a
broadened feature at temperatures above TN (Fig. 2b,c). To quantify these features we fit
the data with crossover functions (Methods), shown as lines in Fig. 2a-c. At temperatures
above TN, this procedure identifies the crossover field B
∗, as well as the full width at half
maximum FWHM and the step height ∆A = |A1 − A2| of the crossover. Below TN, the
fitting characterizes in addition the crossover at the Ne´el transition. The fitted quantities
are shown in Fig. 3a-c for the crossover at B∗ and in Fig. S3 of Supplementary Information
for the crossover at BN. Broadened kinks in ρH(B) correspond to broadened steps in the
differential Hall coefficient, defined as the field derivative of the Hall resistivity dρH/dB.
This is shown in Fig. 2d for the crossover at B∗.
The features in the Hall resistivity have their counterparts in the longitudinal and trans-
verse magnetoresistance ρl(B) and ρt(B) (Fig. 2e,f). The B
∗ crossover appears as a broad-
ened step-like decrease of the resistivity with increasing field. Below TN, the BN crossover is
seen as an increase of the resistivity with field at small fields. The resistivity also contains
a component that increases more gradually with field. This is identified as a background
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contribution (Methods). The resistivity data with the background and the anomaly at TN
subtracted are shown in Fig. 2g,h and are fitted by the same crossover functions that describe
the differential Hall coefficient. The fit parameters are also shown in Fig. 3a-c and Fig. S3
of Supplementary Information.
Fig. 3 demonstrates our key conclusions. T ∗(B) – which is equivalent to B∗(T ) – de-
fines a crossover scale that is distinct from any phase transition line, except in the zero
temperature limit where it merges with TN(B) at a common critical field of about 0.9 T
(Fig. 3a). The T ∗(B) scale exists both outside and within the ordered part of the phase
diagram delimited by the upper ordering temperature TQ(B). The FWHM of the crossover
decreases with decreasing temperature, extrapolating to zero in the zero temperature limit
as evidenced by the pure power-law behaviour of FWHM(T ) (Fig. 3b). At the same time the
step height ∆A remains finite in the zero temperature limit (Fig. 3c). Because the Hall effect
measures the response of the electronic excitations near the Fermi surface, the crossover at
nonzero temperatures and the jump in the extrapolated zero-temperature limit are most
naturally interpreted in terms of a collapse of the heavy fermion Fermi surface to a strongly
reconstructed one. This implicates the T ∗ line as signifying a Kondo breakdown, which is
tantamount to a localization of the f electrons.
The observation of the collapsing Kondo breakdown scale implies new quantum critical
excitations which are neither of the Landau Fermi liquid nor of the spin density wave QCP
type22,23. Instead, electronic excitations over the entire Fermi surface are expected to have a
non-Fermi liquid form24–26. In fact, the electrical resistivity is linear in T and the electronic
specific heat coefficient ∆C(T )/T is logarithmic in T (refs. 17,27, Supplementary Informa-
tion). Both are defining characteristics of non-Fermi liquid behaviour which appears also in
other materials with Kondo breakdown QCPs. At magnetic fields away from B∗(T = 0),
a Fermi liquid T 2 temperature dependence of the electrical resistivity is recovered at low
temperatures; measurements at several magnetic fields (up to 5 T) suggest that the corre-
sponding temperature scale TFL gradually decreases as B approaches B
∗(T = 0).
A collapsing Kondo breakdown scale has been observed in YbRh2Si2 (refs.
8,11,12). In that
case the T ∗ line merges with the zero temperature boundary between paramagnetic and
ordered phases, thereby signaling the destruction of the Kondo effect and concomitant re-
construction of the Fermi surface at the onset of magnetic order24–26. However, in Ce3Pd20Si6
the T ∗ line enters an ordered phase at finite temperature. We interpret this distinction as
5
due to the different dimensionality of the two compounds.
Spatial dimensionality modifies the degree of fluctuations, including that of the quantum
magnetism accociated with the f moments. This is illustrated by the two-parameter global
phase diagram shown in Fig. 4. The horizontal axis marks the strength JK of the Kondo
coupling between the local f moments and the conduction electrons. It controls the degree
of quantum fluctuations due to spin flip processes associated with the Kondo coupling.
The vertical axis G describes the degree of quantum fluctuations within the local moment
component.
Going from the three-dimensional (3D) cubic limit to the decoupled 2D limit amounts
to moving upwards along the vertical axis. The tetragonal structure of YbRh2Si2 suggests
that it is close to the 2D limit, with enhanced G, making it natural to have the ordered to
paramagnetic phase boundary coinciding with the Kondo collapse. The cubic structure of
Ce3Pd20Si6 implies a smaller G, placing it in the part of the global phase diagram where
Kondo collapsing occurs inside the ordered part of the phase diagram. Here, the competi-
tion between the RKKY and Kondo couplings gives rise to a T ∗ line which separates two
ordered ground states. Note that, at finite temperature, the T ∗ line is distinct from the
ordering transition lines. In the zero-temperature limit, it separates a Kondo-screened order
at B > B∗ and a Kondo-destroyed order at B < B∗. Through the field-induced mixing
of the antiferro-quadrupolar and antiferromagnetic orderings (Sec. E of Supplementary In-
formation), this corresponds to the region of the G–JK phase diagram in Fig. 4 where a
Kondo-destruction QCP (brown line) occurs within the ordered part of the phase diagram,
from a phase AFS to a phase AFL.
Our results provide a way to think about other quantum critical heavy fermion metals,
in line with recent theoretical considerations3,10,28,29. CeIn3 is another cubic system placing
it in a similar part of the vertical axis as Ce3Pd20Si6. There is some indication for the
divergence of the effective quasiparticle mass inside the ordered part of its phase diagram30
making it instructive to search for the T ∗ scale in that system. The recently designed
CeIn3/LaIn3 superlattice
31 amounts to an elegant reduction of the dimensionality towards
the extreme 2D limit. Resistivity measurements have already provided evidence for a reduced
strength of magnetic ordering. It will also be illuminating to explore the possibility of a
Kondo breakdown. Finally, there are materials which have 2D lattices that host geometrical
frustration such as the Shastry-Sutherland lattice in Ce2Pt2Pb (ref.
32). It is possible that
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these materials have even higer G making them promising candidates to shed light on the
upper part of the global phase diagram.
Reconstruction of Fermi surface is also being extensively discussed in other electronic
materials, including cuprate superconductors33. Typically, it is tied to antiferromagnetic
ordering or other spontaneous symmetry breaking transitions. Here, in Ce3Pd20Si6, we find
Fermi-surface reconstructions both at the antiferromagnetic transition, the TN line, and away
from it, at the T ∗ line. While the former is smooth, the latter extrapolates to a jump of the
Fermi surface in the zero-temperature limit. Our results amount to a rare demonstration of
Fermi-surface reconstruction away from symmetry-breaking transitions. By extension, our
findings highlight the emergence of novel electronic excitations through a mechanism other
than spontaneous symmetry breaking, a notion that is of considerable current interest in a
variety of settings including topological matters.
To summarize, we have observed an energy scale associated with the destruction of the
Kondo effect and the concominant f -electron localization in a cubic heavy fermion com-
pound. This not only extends the materials basis for this effect to the 3D extreme but
also unambiguously establishes that the origin of the T ∗ scale lies in robust many body
correlations, as opposed to materials specific band structure effects. Our findings suggest a
materials based global phase diagram for heavy fermion systems, which not only highlights
a rich variety of quantum critical points but also indicates an underlying universality. Given
that quantum critical fluctuations represent an established route towards unconventional
superconductivity, the insight we have gained will likely be important for the physics of
high-temperature superconductors.
Methods
Synthesis and sample selection. The polycrystalline samples were prepared from high-
purity elements (Ce 99.99%, Pd 99.998%, Si 99.9999%) by either ultra-high purity argon-arc
or radio-frequency heating. Because of the excellent stoichiometry of these polycrystals they
are of higher quality than the best available single crystals; this is evidenced by larger residual
resistance ratios, sharper phase transition anomalies and higher transition temperatures
in the polycrystals18,19,34. The phase transition temperature TN(B) is isotropic in field
down to the lowest measured temperature19. We therefore chose these polycrystals for our
investigation.
Characterization. The magnetotransport measurements were performed by a standard
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4-point ac technique in an Oxford dilution refrigerator and, above 2 K, in a PPMS from
Quantum Design. The magnetization measurements were performed by a capacitive tech-
nique at low temperatures and in a SQUID magnetometer of Cryogenic Ltd. above 2 K.
Data analysis. The crossover in the magnetoresistance at B∗ was fitted with the empirical
crossover function
ρ(B) = A2 −
A2 − A1
1 + (B/B∗)p
(1)
introduced in ref. 11, and the crossover at TN with the function
ρ(B) = A2 −
A2 −A1
1 + e
B−BN
w
. (2)
The latter function was chosen because it represents a single, symmetrically broadened step
of height ∆A and width w at the finite field BN, that describes the data very well. The Hall
resistivity was modeled with the integral over these fitting functions.
As discussed in the main text, a smooth overall increase of ρ with only weak temperature
dependence appears to be superimposed onto these two features. Measuring the magnetore-
sistance in both the longitudinal (field parallel to electrical current, Fig. 2e) and the trans-
verse (field perpendicular to electrical current, Fig. 2f) configuration helps us to identify this
latter as a background contribution due to normal magnetoresistance. It is featureless at
the QCP and should be eliminated for the analysis of quantum criticality. We approximate
the temperature dependent background by rescaling the background functions of the lowest
temperature isotherms (grey lines in Fig. 2e,f) with the quadratic temperature dependence
of the 15 T resistivity data observed at the lowest temperatures. After the subtraction of
this background (ρl,back and ρt,back) the crossover-related magnetoresistance approaches zero
at high fields. An exemplary fit is shown in Fig. S2 of Supplementary Information.
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FIG. 1: Characteristics of the heavy fermion compound Ce3Pd20Si6. a, Cubic crystal structure.
b, Inverse volume susceptibility in SI units 1/χSI in the linear response regime vs temperature
T . A Curie-Weiss fit at high temperatures yields an effective moment µ = 2.35µB per Ce atom
and a paramagnetic Weiss temperature Θ = −3 K. c, A maximum in χSI(T ) somewhat below
TN clearly reveals the Ne´el transition. Only a very weak feature can be discerned at the putative
antiferro-quadrupolar transition at TQ. d, Temperature-dependent electrical resistivity ρ(T ) and
∆ρ(T ) = ρ(T ) − ρph(T ), where the contribution due to phonon scattering ρph(T ) is determined
from the non-f reference compound La3Pd20Si6 as in ref.
17. e, Temperature dependent Hall
coefficient in the linear response regime RH(T ), together with a fit according to the anomalous Hall
effect model described in Supplementary Information, and its extrapolation to lower temperatures
(dashed line). The normal Hall coefficient R0, assumed as temperature independent in this model,
is shown as grey line. f, Electronic contribution to the specific heat ∆C vs T in an applied
magnetic field of 0.5 T (from ref. 17). The two anomalies at TN and TQ are clear signatures of
second-order phase transitions. It is expected that their ordering wavevectors are different. As in
ref. 27 the transition temperatures are estimated by entropy balance constructions. g, Temperature-
field phase diagram with the transition temperatures TN and TQ, determined from transport and
specific heat measurements, respectively.
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FIG. 2: Magnetotransport across the quantum critical point of Ce3Pd20Si6. a, Hall resistivity
ρH vs applied magnetic field B at different temperatures below TN. The solid lines represent fits
of a crossover function (see Methods) to the data. b, c, Corresponding plots for intermediate
and high temperatures. The crossover fields BN and B
∗ of the fits are indicated in a-c. d, Field
derivative of the fits of a-c, dρH/dB, normalized to the step height ∆A, vs normalized field B/B
∗.
The extrapolated zero-temperature form, a sharp step, is shown as grey line. e, Longitudinal
magnetoresistance ρl vs B at different temperatures (80, 100, 125, 150, 175, 200, 250, 301, 350,
402, 500, 602, 700, 900 mK, 1.1, 1.3, 1.5, 1.7, 1.9, 2.9, 5.0 K). f, Corresponding plot for transverse
magnetoresistance ρt (89, 193, 300, 366, 486, 632, 743, 963 mK, 1.1, 1.3, 1.5, 1.7, 2.0, 3.0, 5.0 K).
The grey curves in e and f represent the background (see Methods). g, Crossover component at
B∗ (see Methods) of ρl(B), normalized to the zero-field resistivity at the respective temperature,
vs normalized field B/B∗. The data points are shown as dots, the fits as full lines. The grey line
again represents the extrapolated zero-temperature form. h, Corresponding plot for ρt(B).
FIG. 3: Characteristics of the Fermi surface collapse in Ce3Pd20Si6. a, Temperature T
∗(B) of the
crossover at B∗(T ), determined from the fits of ρH(B), ρl(B), and ρt(B) in Fig. 2, plotted in the
temperature-field phase diagram of Fig. 1g. b, Temperature dependence of the full width at half
maximum, FWHM(T ), of the crossover. c, Temperature dependence of the step height, ∆A(T ),
of the crossover. The crosses refer to Hall resistivity data corrected for the anomalous Hall effect
(Supplementary Information).
FIG. 4: Materials-based global phase diagram for heavy fermion compounds near antiferromagnetic
instabilities. Magnetic frustration parameter G (left) vs Kondo coupling JK at T = 0. Lines of
quantum critical points separate antiferromagnetic (AF) from paramagnetic (P) regions (thick
red line), and regions of small (S) and large (L) Fermi surface (brown line). The latter line
represents quantum critical points accompanied by a Kondo breakdown. Dimensionality (right)
helps to calibrate the placement of selected materials (CPS: Ce3Pd20Si6, CeIn3, a CeIn3/LaIn3
superlattice, YRS: YbRh2Si2, CCA: CeCu6−xAux, CPP: Ce2Pt2Pb, marked on the G-axis by the
ticks) along the vertical axis. The present work allows to elucidate the three-dimensional part of
the phase diagram.
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A. Non-Fermi liquid properties
Non-Fermi liquid behaviour is observed in Ce3Pd20Si6, as has been reported previously
1,2.
At a field of 1 T, close to the critical field of 0.9 T, the low-temperature electrical resistiv-
ity is linear in T (Fig. S1a, ref. 1) and the electronic specific heat coefficient ∆C(T )/T is
logarithmic in T (Fig. S1b, ref. 2). This is to be contrasted with the behaviour expected
at a 3D spin density wave QCP, namely a T 3/2 temperature dependence for the electrical
resistivity and A−B√T for ∆C(T )/T . At fields further away from the critical field, Landau
Fermi liquid behaviour is recovered at lowest temperatures as clearly seen in the form of
a T 2 dependence of the electrical resistivity. At higher temperatures, however, non-Fermi
liquid characetristics are observed for a broader field range indicating that a fan of quantum
critical behaviour emanates from the QCP with increasing temperature and extends even to
above TQ. Note the very large value of the electronic specific heat coefficient that reaches
more than 7 J/molCeK
2 in the non-Fermi liquid region.
B. Fitting the crossover data
The magnetoresistivity with crossovers at B∗ and BN was analyzed with the sum of two
empirical fitting functions (equations (1) and (2), Methods). Figure S2 shows a typical result
for the longitudinal magnetoresistivity, with the background contribution subtracted. The
grey line is the sum of the two functions. It describes the data very well. Above the Ne´el
temperature, only the crossover at B∗ remains and thus the data were fit to equation (1).
C. Crossover at the Ne´el transition
The fit parameters characterizing the crossover at B∗ were given in Fig. 3 of the main
part. In Fig. S3 we show the corresponding quantities for the crossover at the Ne´el transition.
1
Both the step height ∆AN and the crossover width wN increase with decreasing temperature.
This is in contrast to the crossover at B∗ which becomes infinitely sharp in the extrapolated
zero temperature limit.
D. Anomalous Hall effect
As is typical for heavy fermion metals the temperature dependence of the Hall coefficient
RH at high temperatures is dominated by an anomalous Hall component due to intrinsic
skew-scattering, RA(T ) = γρmag(T )χ(T ), where ρmag(T ) = ρ(T )−ρph(T )−ρ0 is the intrinsic
magnetic contribution to the electrical resistivity ρ(T ), ρph(T ) is the phonon contribution
determined via the non-magnetic reference compound La3Pd20Si6, ρ0 is the residual resis-
tivity, χ(T ) is the magnetic susceptibility, and γ is a positive constant3. This was shown in
Fig. 1e of the main part where, in the incoherent Kondo regime above 50 K, the measured
RH(T ) is well described by the sum of a temperature independent normal Hall coefficient
R0 and RA(T ). The constant γ = (1.29 ± 0.03) m2/Vs was determined by plotting RH vs
ρmagχ, with temperature as implicit parameter, which varies approximately linearly between
room temperature and 50 K (not shown). The R0 + RA curve below 50 K was determined
by assuming, as in refs. 4,5, that γ remains temperature independent down to the lowest
temperatures. As seen in Fig. 1e of the main part, RA(T ) remains positive and becomes
negligibly small at the lowest temperatures. The measured Hall coefficient, on the other
hand, becomes negative below about 20 K and saturates at the lowest temperatures. It
must, therefore, be dominated by a temperature dependent normal Hall component.
In addition to the intrinsic skew-scattering term, there is an extrinsic contribution due
to skew-scattering defects that might become relevant at the lowest temperatures. In order
to estimate its magnitude we assume that, as an upper boundary, the entire difference of
the residual resistivities of Ce3Pd20Si6 and La3Pd20Si6, about 10% of ρ0, is skew-scattering
active. The extrinsic anomalous Hall effect then amounts to 10% of RH at the lowest accessed
temperature.
Finally, we clarify whether the magnetic field dependence of the measured Hall resistivity
ρH(B) is perturbed by an anomalous contribution ρ
a
H(B) = γρskew(B)µ0M(B). ρskew(B)
contains the temperature and field dependent background contribution to the longitudinal
resistivity ρl,back (see Methods) and the above discussed 10% of ρ0. In Fig. S4 the normal
component to the Hall resistivity ρ0H(B) = ρH(B) − ρaH is shown at three selected tem-
peratures, together with the ρH data and their fits. ρ
a
H reaches at maximum 20% of ρH.
2
Interestingly, ρ0H(B) is very well described by crossover functions that differ from the fits of
ρH(B) only by slightly different crossover heights ∆A. These are included as stars in Fig. 3c
of the main part and Fig. S3a. Thus, taking the anomalous Hall effect into account has no
significant effect on the outcome of our analyses.
E. Antiferromagnetic order induced by antiferro-quadrupolar order: microscopic
and symmetry-based analyses
In Ce3Pd20Si6, the Ce
3+ ion has one localized f electron with angular momentum J = 5/2.
In cubic environment, the six-fold degenerate ground-state multiplet is further split into a
Γ8 quartet and a Γ7 doublet. We will take the experimentally suggested
6 ground state of the
Ce ion, which is a Γ7 doublet for the 4a site and a Γ8 quartet for the 8c site. Building upon
the suggestion of ultrasound measurements7, we associate the high-temperature transition
at TQ with antiferro-quadrupolar (AFQ) order of the Γ8 subsystem of Ce ions on the 8c site.
In this section, we show that, in the presence of a magnetic field, the AFQ order is
expected to induce antiferromagnetic (AFM) order. This is seen through both a micro-
scopic analysis of an effective pseudospin model, as well as a symmetry-based analysis of a
Ginzburg-Landau functional. We also demonstrate that the AFQ order preserves the cubic
structural symmetry, and that the experimentally observed evolution of the AFQ order as
a function of the magnetic field is compatible with both the microscopic model calculation
and symmetry-based considerations.
Effective pseudospin model
We will concentrate on the Ce ions of the 8c site, which form a simple cubic sublattice. The
Γ8 quartet can be described through two pseudospin operators
8, σ and τ , which respectively
act on the Kramers and non-Kramers doublet states. We can then express the RKKY
coupling in terms of these pseudospin operators in a Kugel-Khomskii way9,10:
H = J
∑
〈i,j〉
[τ i · τ j + σi · σj + 4(τ i · τ j)(σi · σj)] +HZ , (1)
where J is the nearest neighbor coupling strength, and HZ is the Zeeman term associated
with the applied magnetic field H = (Hx, Hy, Hz).
The Γ8 system comprises three dipoles, five quadrupoles and seven octupoles, all of which
are irreducible representations of the Oh group of the cubic lattice. We denote them by τ
′,
3
µ, σ, η, ζ, and ξ (defined in terms of τ and σ, Table I), and rewrite equation (1) as
H =
∑
〈i,j〉
[
Jττ
′
i · τ ′j + Jµµi · µj + Jσσi · σj + Jηηi · ηj + Jζζi · ζj + Jξξi · ξj
]
+HZ . (2)
Here, the first two terms refer to quadrupole-quadrupole interactions; the third and fourth
terms are couplings among both the dipoles and octupoles; the next two terms are purely
among the octupoles. By allowing the couplings to take different values in equation (2), we
have extended equation (1) to a more general (and realistic) microscopic Hamiltonian that
is compatible with the cubic lattice symmetry. The different coupling values also lift the
degeneracy among the different types of multipoles. In order to stabilize the AFQ order,
we take the first two couplings to be positive; through equation (1) the remaining couplings
will also be taken as positive. The ultrasound experiment7 has been interpreted in terms
of an AFQ phase with an ordering wavevector (pi, pi, pi), although it is also compatible with
a (q, q, q) AFQ order (and its symmetry equivalents) for any nonzero q. The Zeeman term
HZ reads HZ = −73gµB
∑
i(σi +
4
7
ηi) ·H, where g = 6/7 is the appropriate gyromagnetic
factor.
The quadrupolar moments may couple to elastic strain via7 HQS = −
∑
i,δ gδOδ(i)εδ,
where δ = x2−y2, 2z2−x2−y2, xy, xz, yz, εδ refers to the elastic strain of the δ’s component,
and gδ is the corresponding coupling constant. Through this coupling to elastic distortion,
quadrupolar order may spontaneously break the cubic lattice symmetry. This is the case in
the Ce3Pd20Ge6 system
11,12, where the ferroquadrupolar order reduces the lattice symmetry
from cubic to tetragonal. However, in our model for Ce3Pd20Si6 the (pi, pi, pi) AFQ order
has a zero net quadrupolar moment, which could not directly couple to elastic distortion.
In other words, the AFQ order preserves the cubic symmetry. We will therefore retain the
cubic lattice symmetry in the remainder of the analysis.
Microscopic studies of the AFQ and AFM orders of the effective pseudospin model
In order to address the coupling between the AFQ and AFM orders in the presence of
a magnetic field, as well as the field evolution of TQ, we solve the model Hamiltonian of
equation (2) at the mean-field level. For each pair of pseudospin operators φi · φj (where
φ = τ ′, µ, σ, η, ζ, ξ) we perform a mean-field decomposition φi · φj ≈ 〈φi〉 · φj + φi ·
〈φj〉 − 〈φi〉 · 〈φj〉. We assume a two-sublattice AFQ order with ordering vector (pi, pi, pi) [or
(q, q, q)], introduce the uniform and staggered components of the mean-field parameters as
φf = (〈φA〉+ 〈φB〉)/2 and φa = (〈φA〉−〈φB〉)/2 for the sublattices A and B, and minimize
4
the free energy.
As suggested by ultrasound measurements7, the coupling strength between Γ+5 quadrupo-
lar moments is stronger than the one between Γ+3 moments. To reflect this in the model, we
set Jτ = 1, and take Jµ > Jτ . Since we are mainly interested in the ordering of quadrupo-
lar and dipolar moments, we reduce the coupling strengths of the pure octupolar moments
by hand. Without loss of generality, we will work with the following parameters: Jτ = 1,
Jµ = 1.1, Jσ = Jη = 1, and Jζ = Jξ = 0.75.
We study the finite-temperature magnetic phase diagram in the presence of an external
magnetic field. The direction of the magnetic field can be expressed by two angles θ and
φ with Hx = H sin θ cos φ, Hy = H sin θ sin φ, and Hz = H cos θ. In Fig. S5 we present the
phase diagrams for two field directions: (a) θ = φ = 0, i.e., the field along the [0,0,1] axis;
(b) θ = φ = pi/4, which corresponds to a generic direction (as opposed to high symmetry
directions). At zero field, there is a continuous phase transition from the paramagnetic to
an AFQ ordered phase at TQ ≈ 0.28Jτ , but no magnetic dipolar order is found down to zero
temperature. When applying a magnetic field, along both directions TQ first rises up with
increasing magnetic field, and the AFQ phase is stable in a broad field range. At elevated
fields, the phase diagram shows strong anisotropy. The AFQ phase is more stable for the
field direction θ = φ = pi/4 where it survives up to a higher temperature (T ≈ 0.47Jτ ), and
to a higher magnetic field (H ≈ 5.2Jτ). The dominant AFQ moment is also different along
the two directions. For θ = φ = 0, a Γ3-type (O
0
2) AFQ order is stabilized at intermediate
fields, while the Γ5-type order is stabilized at either low or high fields. The regimes with
different quadrupolar orders are separated by first-order transitions. Along the θ = φ = pi/4
direction, the Γ3- and Γ5-type orders can coexist, but the dominant order parameter shows
a crossover from Oxz +Oyz in low fields to O
0
2 in high fields.
At zero magnetic field, the quadrupolar moments and the dipolar moments transform
according to different irreducible representations of the cubic group. Therefore, no magnetic
dipolar moment can be induced by the ordered quadrupolar moment. A nonzero magnetic
field reduces the cubic symmetry of the electronic degrees of freedom, and the ordered AFQ
moments may induce magnetic dipolar moments with the same point group symmetry and
same ordering wavevector. For instance, the O02-type AFQ order induces AFM moment J
z
under a magnetic field along the [0,0,1] direction. Though there is no spontaneous magnetic
order, the induced AFM order will make part of or even the entire AFQ phase magnetically
5
active depending on the symmetry of the AFQ moments. These parts are shown as the
shaded areas in Fig. S5.
For a single crystalline sample in a magnetic field along a crystallographic high symmetry
direction, the AFQ ordered phase may not be entirely magnetically ordered, as shown in
the left panel of Fig. S5. However, the situation is different for a polycrystalline sample.
There, one has to average over all the possible angles between the crystalline axes and the
field. For any generic field orientation, the AFQ ordering always induce magnetic order, as
exemplified by the right panel of Fig. S5. Therefore, for a polycrystalline sample, the entire
AFQ ordered phase will be AFM ordered. By extension, such a material will not display
any features associated with first order transitions between AFQ orders.
Ginzburg-Landau analysis
Our microscopic studies show that the AFQ order can influence the magnetic correlations
by inducing AFM order with the same symmetry along certain magnetic field directions.
Here we consider the interplay of the AFQ order and the induced symmetry-compatible
AFM order via a Ginzburg-Landau theory. We show that if the induced AFM moments
are allowed by symmetry, they are immediately ordered at TQ, and the induced AFM order
enhances the AFQ order by increasing TQ with increasing magnetic field.
For simplicity, we assume that only one component of the quadrupolar moments is or-
dered. The ordered quadrupole and its symmetry-compatible dipolar moments are denoted
as τa(f), σa(f), and ηa(f). For instance, along the magnetic field direction θ = φ = 0, the
ordered moments are, respectively, O02 and J
z, which correspond to τ z, σz, and ηz. (In the
following discussion we will only focus on the interplay of quadrupolar and dipolar moments
though σz and ηz also include an octupolar component with the same symmetry as the
dipolar component.) We then expand the Ginzburg-Landau free energy up to the fourth
order of the pseudospin operators
F = F0 + 1
2
∑
α=τ,σ,η
[
(T − T α0 )(φαa )2 + (T + T α0 )(φαf )2
]
+ r(τfσfηf + τfσaηa + τaσfηa + τaσaηf )
− Hz
∑
c=f,a
τc(
4
7
σc + ηc)−Hz(σf + 4
7
ηf )− (δHττa + δHσσa + δHηηa)
+
∑
φ=τ,σ,η
uα
4
(φαa )
4 + . . . (3)
Here we have introduced staggered fields δH ’s coupled to τa, σa, and ηa. For simplicity,
in the free energy we neglect some quartic terms which may be allowed by symmetry, such
6
as σ2aτ
2
a . Including these terms will not change the results qualitatively. T
τ
0 is the ordering
temperature for τa at zero magnetic field. T
σ
0 and T
η
0 are ordering temperatures for magnetic
dipolar moments in the absence of AFQ ordering. Here we consider the situation T
σ(η)
0 6 T
τ
0 ,
which is the case for Ce3Pd20Si6. uτ , uσ, and uη are positive coupling strengths. Note that
the first term in the second line in equation (3) couples the quadrupolar moments not only
to dipolar moments, but also to the magnetic field.
We obtain a set of coupled non-linear equations for τa(f), σa(f), and ηa(f) by minimizing
F with respect to these parameters. Solving these equations in the paramagnetic phase we
have, to the leading order in Hz
σf ≈ Hz
T + T σ0
, ηf ≈ 4Hz
7(T + T η0 )
, and τf ≈ 4H
2
z (2T + T
σ
0 + T
η
0 − r)
7(T + T τ0 )(T + T
σ
0 )(T + T
η
0 )
. (4)
Now we investigate the paramagnetic to AFQ transition at a fixed Hz. Linearizing the
equations for τa, σa, and ηa (by dropping the terms including u), we find that τa, σa, and ηa
become nonzero only when
det
∣∣∣∣∣∣∣∣∣
T − T τ0 rηf − 47Hz rσf −Hz
rηf − 47Hz T − T σ0 rτf
rσf −Hz rτf T − T η0
∣∣∣∣∣∣∣∣∣
= 0. (5)
This determines a single temperature TQ, at which the paramagnetic to AFQ transition takes
place in the presence of magnetic field. Solving equation (5) after inserting in it equation (4),
we obtain TQ ≈ T τ0 +
√
65
14
Hz for T
τ
0 = T
σ
0 = T
η
0 , and TQ ≈ T τ0 + 6549H2z (T τ0 + T0 − r)2/[(T τ0 −
T0)(T
τ
0 + T0)
2] for T τ0 > T0, where T0 = T
σ
0 = T
η
0 . Hence we see that TQ always increases
with increasing Hz as long as T
τ
0 > T
σ(η)
0 .
This unconventional field dependence of TQ is due to the coupling between the quadrupo-
lar and dipolar moments, which appears as the off-diagonal terms in equation (5). The
increase of TQ with magnetic field is consistent with the experimental phase diagram of
Ce3Pd20Si6. It is also compatible with the microscopically-calculated phase diagram pre-
sented in Fig. S5. It is especially instructive to note that, in Fig. S5a, TQ increases signifi-
cantly only in the O02 phase, in which the AFM moment J
z is induced. By contrast, TQ is
almost unchanged in the Oxy phase where no magnetic moment can be induced. Note that
though there is no induced dipolar moment in the Oxy phase along the [0, 0, 1] direction,
the Txyz-type antiferro-octupolar moment can be induced, which gives rise to the weak field
dependence of TQ in this phase.
7
Equation (5) also implies that the magnetic dipolar moments immediately become ordered
at TQ, at which they are induced by the AFQ order. This conclusion survives fluctuation
effects induced by the quartic couplings. The latter will renormalize the diagonal and off-
diagonal terms in the matrix appearing in equation (5), which will give rise to a renormalized
TQ.
Effect of couplings to conduction electrons
The consistency between our symmetry-based analysis and microscopic calculations im-
plies that the conclusions from the latter will survive any generalization of the model that
does not change its symmetry. One important generalization of equation (2) is that the
pseudospins will be Kondo-coupled to the conduction electrons. Separately, the Γ7 doublets
of the Ce ions at the 4a site will also be Kondo-coupled to the conduction electrons. Through
the conduction electrons, the two sets of the Ce 4f electrons will be coupled to each other in
the dipolar channel. These interactions will generate a Kondo screened ground state in the
absence of a competition by RKKY interactions. The latter comprise interactions within
the 4a and 8c sites, respectively, which are responsible for the AFQ and AFM orders, as well
as those between 4a and 8c sites, which couple the AFM orders of the two components. The
competition between the RKKY and Kondo couplings gives rise to the Kondo destruction.
8
References
1. Paschen, S. et al. Quantum critical behaviour in Ce3Pd20Si6? J. Magn. Magn. Mater. 316,
90–92 (2007).
2. Strydom, A. M., Pikul, A., Steglich, F. & Paschen, S. Possible field-induced quantum criticality
in Ce3Pd20Si6. J. Phys.: Conf. Series 51, 239–242 (2006).
3. Fert, A. & Levy, P. M. Theory of the Hall effect in heavy-fermion compounds. Phys. Rev. B
36, 1907–1916 (1987).
4. Paschen, S. et al. Hall-effect evolution across a heavy-fermion quantum critical point. Nature
432, 881–885 (2004).
5. Friedemann, S. et al. Fermi-surface collapse and dynamical scaling near a quantum-critical
point. PNAS 107, 14547–14551 (2010).
6. Deen, P. P. et al. Quantum fluctuations and the magnetic ground state of Ce3Pd20Si6. Phys.
Rev. B 81, 064427 (2010).
7. Goto, T. et al. Quadrupole ordering in clathrate compound Ce3Pd20Si6. J. Phys. Soc. Jpn.
78, 024716 (2009).
8. Shiina, R., Shiba, H. & Thalmeier, P., Magnetic-field effects on quadrupolar ordering in a
Γ8-quartet system CeB6. J. Phys. Soc. Jpn. 66, 1741-1755 (1997).
9. Ohkawa, F. J. Ordered states in periodic Anderson Hamiltonian with orbital degeneracy and
with large Coulomb correlation. J. Phys. Soc. Jpn. 52, 3897-3906 (1983).
10. Ohkawa, F. J. Orbital antiferromagnetism in CeB6. J. Phys. Soc. Jpn. 54, 3909-3914 (1985).
11. Goto, T. et al. Ferroquadrupole ordering of the ternary intermetallic compound Ce3Pd20Ge6.
Physica B 312-313, 492-494 (2002).
12. Nemoto, Y. et al., Ferroquadrupole ordering and Γ5 rattling motion in the clathrate compound
Ce3Pd20Ge6. Phys. Rev. B 68, 184109 (2003).
9
FIG. S1: Non-Fermi liquid behaviour of Ce3Pd20Si6. a Difference of electrical resistivity
ρ(T ) and its residual resistivity ρ0 vs temperature, at different magnetic fields. b Electronic
specific heat coefficient ∆C/T vs temperature on a semi-logarithmic scale for a field of 1 T
(main panel) and for several fields (inset). Both the linear T dependencies in ρ(T ) and the
− lnT dependencies in ∆C/T are indicated by dashed lines.
FIG. S2: Fitting procedure for magnetoresistivity isotherms. Field dependence at 300 mK
of the longitudinal resistivity ρl, corrected for the background contribution ρl,back, with the
sum of the two crossover functions given in the figure. The crossover positions BN and B
∗
are indicated.
FIG. S3: Characteristics of the crossover at the Ne´el transition. Temperature dependence
of the step height ∆AN in a and of the crossover width wN in b, determined from fits to
the longitudinal and transverse resistivity ρl and ρt, both corrected for the background
contribution, and to the Hall resistivity ρH. The star refers to Hall resistivity data corrected
for the anomalous Hall effect.
FIG. S4: Analysis of the anomalous contribution to the Hall resistivity. Measured Hall
resistivity ρH (symbols) and fits to the data (lines through the data points), as well as the
normal contribution ρ0H estimated from magnetization and resistivity data as discussed in
the text, vs ratio of magnetic field and crossover field B/B∗.
FIG. S5: Finite-temperature mean-field phase diagram. The parameter set is given
in the text. The external magnetic field is along the directions θ = φ = 0 in a and
θ = φ = pi/4 in b. The black solid curve (TQ) shows a continuous phase transition
between the paramagnetic and the AFQ ordered phase. In a the blue dash dotted
lines represent first-order transitions inside the AFQ phase, while in b the blue dash-
dotted line indicates a crossover. The shaded areas refer to the magnetically ordered regimes.
10
TABLE I: Pseudospin representation of multipolar moments, adapted from ref. 8. J, O, and T
correspond to dipolar, quadrupolar, and octupolar operators, respectively. Also listed are the
corresponding irreducible representations of the Oh point group.
pseudospin operator (τ ,σ) representation multipolar moment symmetry
τ ′ (τ z, τx) 18(O
0
2 , O
2
2) Γ
+
3
µ 2(τyσx, τyσy, τyσz) 12(Oyz , Oxz, Oxy) Γ
+
5
σ 2(σx, σy, σz) 715J− 245Tα Γ−4
η (−τ zσx +√3τxσx,−τ zσy −√3τxσy, 2τ zσz) − 115J+ 790Tα Γ−4
ζ (−√3τ zσx − τxσx,√3τ zσy − τxσy, 2τxσz)
√
5
30 T
β Γ−5
ξ τy
√
5
45 Txyz Γ
−
2
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